Abstract-There have been several studies of the application of electrical bioimpedance technology for brain monitoring in the past years. They have targeted a variety of events and injuries e.g. epilepsy or stroke. The current density distribution and the voltage lead field associated with an impedance measurement setup is of critical importance for the proper analysis of any dynamics in the impedance measurement or for an accurate reconstruction of an EIT image, specially a dynamic type. In this work for the first time, the current density distribution is calculated in a human head with anatomical accuracy and resolution down to 1 mm, containing up to 24 tissues and considering the frequency dependency of the conductivity of each tissue. The obtained current densities and the subsequent sensitivity maps are analyzed with a special focus on the dependency of the electrode arrangement and also the measurement frequency. The obtained results provide us with interesting and relevant information to consider in the design of any tool for Electrical Bioimpedance Cerebral Monitoring.
I. INTRODUCTION EASUREMENTS of Electrical Bioimpedance (EBI)
is a well established method for the study of various properties of body tissues and it is a mature technology in the medical field [1] . It is used for patient monitoring, diagnosis support and for different types of clinical studies [2] e.g. Impedance pneumography, Skin Cancer Screening [3] and assessment on body composition [4] . Manuscript Electrical impedance tomography (EIT) aims at producing static or dynamic images related to the conductivity distribution of the measured region [5] . The range of the possible applications of EIT in medicine is wide [2] and it includes cerebral monitoring [6] [7] [8] .
Recent research in neurological applications of EBI has been intensive and provided promising results. e.g. methods for monitoring of Cerebral Blood Flow [9] and detection of hypoxic brain damage [10] . Within electrical impedance spectroscopy (EIS), especially in association with EIT, the research activity has also been very intense in the past years [11] [12] [13] [14] [15] [16] [17] [18] . However, a clinical breakthrough of EIT or EIS in routine use is still waiting.
In measurements of impedance, the contribution of a specific part of the volume under study depends on the current injection and the associated voltage measurement configuration [19] . Thus the configuration of the injecting and sensing electrodes is very important for the performance of an electrical bioimpedance study, especially for dynamic EIT studies.
For EBI studies in the human head, the issues of current distribution have been studied by others in the past [20] [21] [22] , but only through the use of crude models of the head, and without considering the frequency dependency of the electrical properties of biological tissue.
In this work we study the current density distribution in the head and its dependency on the frequency dependence of the electrical properties as well the electrode placement. The study focuses specially on the effect of the measurement frequency and the electrodes arrangement on the impedance sensitivity maps and its implication for electrical bioimpedance cerebral monitoring. [23] [24] [25] , are modelled using the 4-Cole-Cole model [26] . The tissue conductivities used in this paper, are as given in Table I .
II. METHOD

A. The Head Model
B. Impedance Method
For the calculations of simulated electric current field in the human head model, we used a 3-D impedance method [27] [28] [29] . The head model is described using a uniform 3-D Cartesian grid and composed of small cubical cells, called voxels, 1x1x1 mm. Under the assumption that in each voxel, the electric properties are homogeneous and isotropic, the head model can be considered as a 3-D resistance network of impedances. Kirchoff voltage law around each loop in the obtained network generates a system of equations for the loop currents. The currents are injected at the electrodes and then distributed according to Kirchoff laws. This system of equations is solved numerically using the standard iterative method of successive-over-relaxation. The current densities within the head are then calculated from these known current loops and consequently the current density distribution is obtained.
It can be noted that the skin-air interface is naturally resolved using the impedance method which inherently imposed the boundary condition that the current flow across this boundary is zero, since the conductivity of air is zero.
C. Sensitivity Distribution
As defined by Kauppinen [22] , "the sensitivity distribution of an impedance measurement gives a relation between the measured impedance, Z, (and changes in it) caused by a given conductivity distribution (and its changes)". i.e. It gives an idea about the contribution of the conductivity of each voxel the measured impedance signal. And it is given by the following expression [30] .
Where:
SVm is the sensitivity for an impedance measurement of the volume conductor V, the symbol • is the dot product and JLE and JLI, are the current density fields (i.e. impedance lead fields) associated with the current and voltage leads for the impedance measurement setup m. N.B. JLE and JLI must be obtained with reciprocal current I. i.e. same current injected for each stimulation.
Equation (1) expresses the sensitivity to conductivity changes in the volume conductor V, and how a change in the conductivity contributes to a change in the total measured impedance Z. Note that the sensitivity, S V , may be positive, negative or null, depending of the orientation of the two lead fields. This way a change in the conductivity of a specific voxel may cause an increment or a decrement in the measured impedance or it may even be even completely unaffected by the conductivity change if the lead fields in the voxel are perpendicular to each other.
D. Simulation Scenarios
In this study three different arrangements of electrodes have been studied, see Fig. 2 . In all three of them, we consider that the pair of injecting electrodes overlaps with the pair of voltage sensing electrodes.
N.B. Such electrode placement creates two identical lead fields, JLIm = JLEm, therefore according to (1) SVm will be always positive and equal to For each of the measurement setups, the current density distribution and the corresponding impedance sensitivity map have been calculated for the frequency range from 50 Hz to 500 kHz.
III. RESULTS
The current density distributions and its corresponding impedance sensitivity maps for each of the measurement setups at the frequencies 50 Hz, 50 kHz, 500 kHz are shown in the following figures.
In Fig. 3 and 4 it is possible to observe how the frequency of the current affects the current density distribution in a different manner depending of the arrangement of the pair electrodes. In Fig. 3 , electrodes diametrically opposed, such an influence can be noticed fairly well; especially in the CSF and in the deep structures of the brain where the current spreads easier at high frequencies. In the case where the electrodes are closer to each other, Fig. 4 , the frequency dependency can specially noticed in the muscle tissue as well as in the CSF and deep intracranial regions.
The effect of the electrode placement can be observed in current density is least sensitive to the electrode positioning. In Fig. 6 , the effect of the muscle tissue can be noticed, it has a high enough conductivity to drain current, especially in the back, but not high enough to also drain a lot in the front, the face region. The effect of the high conductivity of the muscle can be appreciated well in Fig. 5 . The current density through the muscle tissue increases remarkably from case A to case C.
In Fig. 4 and 5 it is possible to observe how the impedance measurement sensitivity decreases radially to the head from the electrodes when those are diametrically opposed, case A. While in Fig. 3, 4 and 5 is shown that the sensitivity decreases from the electrodes tangentially to the head, more tangentially the closer the electrodes are to each other, case B and C.
IV. DISCUSSION
In general terms the obtained current density distributions agree with those reported by Rush and Malmivuo [20, 31] , with the difference thou, that the large insulating effect of the skull bone reported in [31] is not seen here. This might be due to two important differences: Their concentric spheres model only includes a few tissues and the conductivity ratio between the skull bone and the rest of the tissues used by both of them was 80, a much larger value than the values used here. See Table I .
A. Tissue Particularities
The current spread differently in each type of tissue, which it is not a novel finding, but the ability to quantify this fact is very important for the design of any impedance monitoring tool aimed to detect any undergoing processes in the brain.
Knowledge about the fact that the current density is higher in CSF than in grey matter and higher in grey matter than in white matter is important for the detection of the type of activity or aetiology that the impedance system aims to monitor e.g. meningitis in CSF, electrical activity in the cerebral cortex, etc.
B. Effect of placement
The observed dependence of the current density distribution and the placement of electrodes was expected, but it is surprising to observe the low current densities in certain areas with white matter tissue independently of the possition of the electrodes. This fact has not been reported before.
C. Effect of frequency
It is interesting to observe how the frequency of the stimulating current influences the current density distribution in a slightly different manner, when the electrodes are close to each other than when the electrodes are diametrically opposed. Such a difference can be due to the fact that the muscle tissue exhibits a strong frequency dependency and in the case of the electrodes close to each other, the muscle tissue contributes in a large proportion to the effective volume conductor, therefore an increase in conductivity accompanied with a large volume facilitates the current draining.
This dependency between frequency and electrode placement is particularly relevant for EIS studies, since the measured impedance data often contains a broad frequency range.
D. Impedance Sensitivity Maps
The obtained impedance sensitivity data is in general concordance with those reported in [31] , with the value decreasing in the same manner. The difference in the impedance measurement sensitivity between different parts of the brain is considerable and this is important to understand, because this means that a small change in the conductivity in one region of the brain can be propagated to the impedance measurement 100.000 times better than the same change in another region.
Since in the brain, many of the events, pathological or natural, are associated with different anatomical structures, the design a measurement system with high impedance sensitivity for a specific region of study is a critical design requirement. Thus to know its dependency on the electrode position and the stimulation frequency is crucial.
Similarly, most of the aetiologies of the brain events exhibit impedance changes better at certain frequencies; therefore the influence of the stimulating current in the impedance sensitivity distribution is another factor to consider.
V. CONCLUSION
This is the first time that the current density distribution in brain and its influence in the impedance measurement sensitivity maps are studied with such a detail, anatomical and frequency ways. One important conclusion from the study is that, contrary to what has been generally believed, the scull bone does not constitute an insolating layer that will hamper the recording of impedance changes within the deep parts of the brain.
To know the distribution of the impedance sensitivity is very important for the analysis of any change in the value of an impedance measurement and it is critical for certain applications based in time analysis of spectroscopy impedance data or dynamic EIT.
Considering the reported dependence of the sensitivity maps on the electrode placement and the frequency and the anatomical particularities with the specific impedance frequency characteristics of the cerebral events under monitoring, we foresee the development of application specific impedance monitoring modes or tools.
A better understanding of the current density distribution within the brain and its dependences will contribute to the development of measurement systems for Electrical Bioimpedance Cerebral Monitoring.
